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Abstract— This paper investigates the feasibility of acquiring
cardiac images using Synthetic Transmit Aperture (STA) ultra-
sound. Focusing in STA is done by beamforming all points in the
image for every emission, creating a low-resolution image. The
low-resolution images for each emission are summed, effectively
achieving dynamic transmit and receive focusing. The purpose
of this paper is to acquire in-vivo cardiac images using STA to
investigate image quality and the effect of tissue motion.
For the in-vivo experiments, a 3 MHz and a 3.5 MHz
transducers were used with 64 and 128 elements, respectively,
together with the RASMUS experimental ultrasound scanner.
Both transducers have a pitch of half a wavelength. To ensure
an adequate signal-to-noise ratio, a 20 µs non-linear frequency
modulated chirp and a 7-element de-focused virtual source were
used for transmission. The number of virtual sources used in each
scan sequence is equal to the number of transducer elements. A
pulse repetition frequency of 4500 Hz was used, allowing a frame
rate of 78 and 39 frames/s for the 64 and 128 element transducer.
As the heart walls move with a speed of up to 80 mm/s, a
movement of the tissue of several wavelengths is possible during
an STA scan sequence using 64 emissions. To investigate the
possibility of reducing the susceptibility to tissue motion, a sparse
scan sequence using only 9 virtual source emissions is used to
reduce the required scan-time. A shorter scan sequence will
reduce the tissue motion between the first and last emission, and
allows a frame rate of up to 555 frames/s. The sparse sequence
is interleaved with the full sequence to allow a better comparison
between the two techniques.
A measurement of a point spread phantom shows a FWHM
for the full scan sequences of 1.29 mm and 0.66 mm for the 64
and 128 element transducers, and an average side-lobe level of
-47.25 dB and -58.42 dB respectively. The sparse scan sequences
have a FWHM of 1.24 mm and 1.10 mm for the 64 and 128
element transducers, and an average side-lobe level of -39.48 dB
and -42.13 dB respectively.
The four image sequences presented in this paper show a
cross-section of the ventricle and atrium, where the walls of the
ventricles and the atrioventricular valves are visible. The dynamic
of the beating heart is visible during the recorded sequences.
Distortions are seen in the images created by the full scan
sequence, which are attributed to be caused by tissue motion. The
images created by the sparse sequence show a reduced contrast,
but also a reduction of the distortion caused by tissue motion.
I. INTRODUCTION
The use of synthetic transmit aperture (STA) for cardiac
imaging offers both benefits and poses difficulties. STA allows
for a better image quality, since it attains dynamic focusing
in both transmit and receive. Faster imaging is also possible,
as fewer emissions are necessary compared to traditional
phased array (PA) imaging, which is often used for cardiac
imaging due to the small footprint of a PA transducer. The
drawbacks of STA are the susceptibility to artifacts caused by
tissue motion, low signal-to-noise ratio (SNR), and the high
computational demands. The tissue motion artifacts are caused
by the sequential summation of several emissions.
Several people have performed research to estimate the
effects of different types of tissue motion when doing STA
[1]–[3]. They agree that lateral movement will not have a
large impact on the resolution, where only a widening of
the Point Spread Function (PSF) will occur. Axial movement
will be more significant and the resulting PSF is heavily
dependent on the emission sequence, tissue speed as well as
the pulse repetition frequency. Nock and Trahey [2] estimates
that movement up to 800 mm/s does not cause substantial
degradation of the beamformed PSF. As the heart wall moves
between 50 mm/s and 80 mm/s, this should be well within the
limit.
The low SNR can be circumvented by using virtual source
emissions as described in [4]–[6], and by using frequency
modulation [7].
The purpose of this paper is to acquire in-vivo cardiac
images using STA to investigate image quality and the effect of
tissue motion. This paper presents the results from two cardiac
in-vivo measurements using STA focusing with both full and
sparse transmit aperture sampling. The acquisition method and
techniques are described in Section II, the measurement setup
and parameters are described in Section III, and the results are
presented in Section IV. The paper concludes in Section V.
II. THEORY
In conventional ultrasound (US) beamforming the delay for
each channel is based on the Time of Flight (ToF) from the
center of the beam, to the desired beamformed point, and back
to each element position. Dynamic focusing can be used in
receive but not in transmit.
In STA imaging a spherical field is emitted, to circumvent
the inability of conventional US to dynamically focus the beam
in transmit. When emitting a spherical pulse, the exact ToF
from an emitting element to an arbitrary point in the tissue
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and back to a given receive-element is given by
tToF =
1
c
(|!rp − !rm| + |!rp − !rn|) , (1)
where !rp is the beamformed point, !rm is the transmitting
element and !rn is the receiving element.
By using (1) and summing the signal received for each
transmit-receive pair, the algorithm for beamforming a point
!rp, giving the signal value s(!rp), is given by
s(!rp) =
M∑
m=1
N∑
n=1
angn,m(tToF ), (2)
where M is the number of emissions, N is the number of re-
ceiving elements, gn,m(t) is the complex signal from element
number n at time t for emission m, and an is the receive
apodization of element number n. In practice, the image is
created by beamforming all points for a single emission,
resulting in a low resolution image. Each low resolution image
is then summed to the resulting high resolution image.
By assuming the medium to be linear and stationary, dy-
namic focusing is attained everywhere in the medium, and
not only at one depth per emission. The result is a narrower
PSF overall in the image. It should be noted that conventional
B-mode imaging and SA performs equivalently at the focal
point of conventional imaging.
If only a subset of the transmit aperture is sampled, a
decrease in the time for acquiring an image is possible at the
expense of image quality. If the size of the sparse transmit
aperture is the same as for a fully sampled aperture, the res-
olution is comparable to the fully sampled aperture according
to theory, while the contrast will suffer due to changes in the
effective aperture [8]. The reduction in acquisition time should
also reduce the susceptibility to tissue motion, as the tissue will
have less time to move from the first to the last emission.
A. Virtual Sources
SA suffers from a low SNR compared to conventional
methods. A technique called virtual source (VS) emission has
been proposed in [3]–[6], which allows several elements to
create a waveform similar to that created by a single element.
The timing of multiple elements will be chosen, so that the
wavefront will seem to originate from the same position as
with an emission originating from a single element behind or
in front of the transducer. This is called either defocused or
focused VS emission respectively. By using multiple transmit
elements to form virtual sources, the SNR can be increased
without decreasing the frame rate or resolution. The delays
are calculated according to [6].
The wavefront created by the individual emissions will only
be in phase within the angle θa, denoted the acceptance angle
given by
θa = tan−1
Dact
2F
, (3)
where Dact is the size of the active aperture, and F is the depth
of the virtual source relative to the transducer. Only points
within this angle can be used to create the high resolution
image.
B. Frequency Modulated Emission
Another method to increase the SNR of an SA emission is
to emit more energy from each element. This can be attained
by either increasing the transmit amplitude, or emitting a
longer waveform. Both techniques have drawbacks though.
By increasing the transmit amplitude a higher strain is put
on the equipment. If the equipment has the potential of
handling higher transmit amplitudes, FDA has given a limit
for the peak amplitude, defined by the mechanical index.
The disadvantage of using a chirp is the inability of imaging
the near region, as simultaneous transmit and receive is not
possible. A method for designing FM chirps specifically to
the transducer has been proposed in [9] and used for the
in-vivo studies. This method reduces the amount of energy
absorbed by the transducer, allowing for longer and more
effective chirps without overheating the transducer, and will
be used here.
III. MEASUREMENT SETUP
All measurement were performed on the RASMUS ex-
perimental ultrasound scanner. RASMUS is an abbreviation
for Remotely Accessible Software configurable Multi-channel
Ultrasound Sampling system, and was designed as a very
flexible US system capable of transmitting arbitrary wave-
forms and storage of raw single channel data. A more detailed
description is found in [10]. The system has 128 transmit
channels and 64 channels in receive. Each transmit channel is
able to store 128 kB data for channel independent waveforms
and each receive channel is able to store up to 256 MB of
data at a 40 MHz sampling frequency. This allows for a large
variety of transmission setups and approximately 3 seconds of
continuous sampling of data for all receive channels.
To increase the SNR, both virtual sources and non-linear
frequency modulation is used. The acceptance angle, given in
(3), for the virtual sources is chosen to be 90◦ to allow imaging
of a large portion of the heart. The FM-chirp is designed to
have axial side-lobes below 60 dB, as well as a length of 20µs.
Combining the two techniques increase the penetration depth
to 150 mm on phantoms, which have attenuation similar to
tissue. The parameters for the two transducers and the imaging
TABLE I
TRANSDUCER AND MEASUREMENT PARAMETERS.
Transducer name 64 PA 128 PA
Transducer type Phased array Phased array
Number of transducer elements 64 128
Center frequency, f0 3.0 MHz 3.5 MHz
Transducer element pitch 0.26 mm 0.22 mm
Transducer element height 13 mm 15 mm
Elevation focus 60 mm 85 mm
STA Scan Parameters
Elements in virtual source 9 9
Emissions for full STA 64 128
fprf 4500 4500
VS Focusing F# − 12 − 12
FM-Chirp length 20 µs 20 µs
Scan depth 150 mm 150 mm
Receive apodization Blackman Blackman
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Fig. 1. Figures (a) and (b) show STA images of the left ventricle made with the PA 64 transducer, with full and sparse aperture sampling respectively. Figure
(c) and (d) show STA images of the left and right ventricle, with full and sparse aperture sampling respectively.
sequence are given in Table I. The negative F# in Table I
denotes the virtual source is positioned behind the transducer
giving a defocused field emission.
To allow for a more direct comparison between an in-vivo
full STA scan and a sparse STA scan, where only a subset of
the available sources are used, the sparse scan is embedded
within the full STA scan. This is done by letting the first
K-emissions make up the sparse array, and the remaining
K−N -emissions are selected to sample the remaining transmit
aperture. K denotes the number of emissions used in the
sparse sequence and N is the total number of elements in
the transducer. An example of the emissions sequence using
a sparse scan of 4 elements for a 16 element transducer
could be [1,6,11,16, 2, 3, 4, 5, 7, 8, 9, 10, 12, 13, 14, 15], where
the numbers represent the emitting element, K = 4 and
N = 16. This emission pattern allows the full and the sparse
data to be acquired simultaneously without the need for two
separate imaging sequences.
IV. RESULTS
The atrium and ventricle of the heart were scanned with two
different transducers, utilizing a full STA imaging sequence
as well as an embedded sparse imaging sequence. The first
scanning was performed with the 64 PA transducer, and a
frame of the scan sequence for t = 0.96 s is shown in Fig.
1(a). The left ventricle is visible along with the heart walls
and the valve separating the atrium from the ventricle. Part
of the left atrium is visible as well. The image is shown with
a dynamic range of 40 dB. This imaging mode allows for a
frame rate of 70 Hz, compared to the 33 Hz for a phased array
when using the angular sampling criteria given in [11].
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The contrast in the image is not very good and the individual
features of the heart are not clearly distinct. As this blurring
might originate from tissue motion, an image was beamformed
using only the sparse sequence as described in Section III.
The image created from the sparse sequence is shown in Fig.
1(b). The most immediate difference is the sparse sequence
has a reduced contrast. The sparse sequences should be less
susceptible to tissue motion, as the maximum movement of the
heart wall is lowered from 2.58λ to 0.36λ when using only 9
emissions instead of 64 emission. A center frequency of 3.5
MHz is used and the velocity of the heart wall is assumed to be
80 mm/s [12]. This indicates the reduced contrast overshadows
any improvement from the reduced scan time.
The 128 PA transducer was used to increase the image
quality as the transducer has a higher bandwidth and larger
aperture size. The scan is taken from the same angle as the first
scan, but is tilted to allow the right atrium and ventricle to be
within the imaging area. Both the full and the sparse aperture
scan are shown in Fig. 1(c) and 1(d). The main difference is a
much higher contrast between the blood filled chambers and
the cardiac walls. The sparse scan suffers from a reduction in
contrast, which was also seen for the PA 64 transducer.
To investigate the cause of the reduced contrast in the
images, a phantom containing a single point scatterer was
scanned with the same imaging sequence. The measured point
spread function (PSF) for the full and the sparse aperture
sequence is seen in Fig. 2. The PSF has a full width at half
maximum (FWHM) of 0.66 mm and 1.10 mm for the full and
the sparse sequence respectively, and a mean side-lobe level of
-58.24 dB and -42.14 dB. Both the resolution and the contrast
decrease. The contrast is on average degraded by >15 dB for
the 128 PA transducer. An identical measurement for the 64
PA transducer was made showing a FWHM of 1.29 mm and
1.24 mm and side-lobes of -47.24 dB and -42.13 dB for the
full and sparse aperture sequence respectively.
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Fig. 2. PSF og a small diamond for a full and a sparse aperture scan using
the PA 64 transducer.
V. CONCLUSION
In-vivo cardiac imaging is possible using STA without
motion compensation. Images were acquired for a 128 and
a 64 element transducer with both full and sparse transmit
aperture sampling. In both cardiac scans, it was possible to
distinguish the heart wall as well as the heart valve separating
the ventricle and the atrium. The images from the 128 element
transducer had an increase in contrast compared to the 64
element transducer as expected.
A sparse scan was inlaid with the normal scan, which only
used 9 elements. The sparse sequences seems to indicate that
the side-lobe level for the PSF is very important in obtaining
high quality cardiac scans. The scan sequences should thus
be optimized for reduced side-lobe levels before the effects
of tissue motion can be seen. Further studies are required to
optimize the scan sequences and hereby increase the image
quality. Also, the effect different apodization and motion
compensation techniques should be investigated.
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